Abstract-A wide-band slot antenna element is proposed as a building block for designing single-or multi-element wide-band or dual-band slot antennas. It is shown that a properly designed, offcentered, microstrip-fed, moderately wide slot antenna shows dual resonant behavior with similar radiation characteristics at both resonant frequencies and therefore can be used as a wide-band or dual-band element. This element shows bandwidth values up to 37%, if used in the wide-band mode. When used in the dual-band mode, frequency ratios up to 1.6 with bandwidths larger than 10% at both frequency bands can be achieved without putting any constraints on the impedance matching, cross polarization levels, or radiation patterns of the antenna. The proposed wide-band slot element can also be incorporated in a multi-element antenna topology resulting in a very wide-band antenna with a minimum number of elements. It is also shown that, by using only two of these elements in a parallel feed topology, an antenna with good radiation parameters over a 2.5:1 bandwidth ratio can be obtained.
I. INTRODUCTION
W IDE BANDWIDTH, small size, ease of fabrication, low cost, and compatibility to the rest of the RF front end are desirable factors of an antenna. The literature concerning the design of frequency independent or very wide-band antennas is enormous and extends beyond the scope of this paper. The vast majority of techniques developed for achieving frequency independent behavior make use of topologies that result in relatively large antennas, hence eliminating their use for mobile wireless applications. Therefore, it is desirable to develop other techniques to increase the bandwidth of, otherwise narrow-band, small-sized antennas, without significantly increasing their sizes. This can be accomplished by increasing the number of resonances of single resonant antennas such as a half-wavelength slot. For example, by feeding a slot near an edge by a microstrip line, the magnetic current distribution (electric field along the slot) can be manipulated to create a null near the feed point which produces a second resonance with a frequency slightly larger than that of the first one. When appropriately fed, these two resonances can merge and result in an antenna with a much larger bandwidth or two separate bands of operation with similar radiation characteristics. Microstrip-fed, wide slot antennas have been theoretically studied in [1] . Also experimental investigations on very wide slot antennas are reported by various authors [2] - [5] . The drawback of these antennas are two fold: 1) they require a large area for the slot and a much larger area for the conductor plane around the slot and 2) the cross polarization level changes versus frequency and is high at certain frequencies in the band [2] - [4] , and [6] . This is mainly because of the fact that these antennas can support two orthogonal modes with close resonant frequencies. The advantages of the proposed dual-resonant slots to these antennas are their simple feeding scheme, low cross polarization levels, and amenability of the elements' architecture to the design of series-fed multi-element broad-band antennas. That is, the proposed wide-band element can be used as a building block in design of multi-element antennas that can produce larger overall bandwidths with fewer radiating elements and much smaller size than existing multi-element antennas such as log-periodic arrays. In this paper, first the design and measurement results of the double-resonant slot antenna in the wide-band mode is presented. Then the application of this technique in the design of dual-band slot antennas is examined, and finally the use of this element in a parallel fed double-element antenna topology is investigated. The latter antenna shows very good radiation characteristics over a 2.5:1 bandwidth ratio by using only two radiating elements.
II. OFF-CENTERED MICROSTRIP-FED SLOT ANTENNA AS A BROAD-BAND ELEMENT

A. Antenna Design
A resonant narrow slot antenna is equivalent to a magnetic dipole, and at its first resonant frequency it has an equivalent length of ( is the guided wavelength in the slot). If the slot antenna is fed near an edge by a microstrip line and the slot width is properly chosen, at a frequency above the first slot resonance, a fictitious short circuit near the microstrip feed may be created. Basically the tangential component of the electric field created by the microstrip line at a particular distance cancels out the electric field of the slot excited by the return current on the ground plane of the microstrip line. A full wave simulation shows the field distribution for this situation in Fig. 1(b) whereas Fig. 1(a) shows the electric field distribution in the slot at its normal first resonance. The field distribution is shown to have a null along the slot between the two ends at a frequency slightly above the first resonance. The width of the microstrip feed, the slot width, and the distance between the center of the microstrip feed and the edge of the slot antenna , are the parameters that affect the existence and location of this fictitious short circuit. As increases, the second resonant frequency also in- creases; therefore by choosing properly, the second resonant frequency can be chosen such that the total antenna bandwidth is increased or a dual-band operation is achieved. Meanwhile the frequency of the first resonance, which is determined by the overall effective length of the antenna, does not change significantly. Matching is achieved by tuning the length of the open circuited microstrip line . As can be observed from Fig. 1 , the electric field distribution at this second resonant frequency is similar to that of the first one. Therefore, it is expected that the radiation patterns of the antenna at the two frequencies are similar.
In order to test this concept, two wide-band double-resonant slot antennas with different values are designed and fabricated. The antennas [ Fig. 1(c) ] are similar rectangular slots with lengths and widths of and and of 3.6 and 4.6 mm for Antenna 1 and Antenna 2, respectively. The antennas are fed with a 110 open circuited microstrip-line connected to a 50 main line that is connected to a 50 SMA connector. The structures were simulated using IE3D [8] and fabricated on a 500
, RO4350B substrate with a dielectric constant of 3.4, loss tangent of 0.003, and ground plane size of . Fig. 2 shows the simulated and measured input reflection coefficients of both antennas and Table I shows a summary of radiation parameters and physical dimensions of the two antennas. The bandwidth of Antenna 1 is 1022 MHz (30.3%), whereas Antenna 2 shows a bandwidth of 1220 MHz (37%). The slight discrepancy between the simulation and measurement results can be attributed to the finiteness of the ground plane, which causes a shift in the resonant frequency and to the fact that the response of the antenna is sensitive to the exact location of the microstrip feed, which is subject to alignment errors in the fabrication process. Radiation patterns of Antenna 1 were measured in the anechoic chamber of the University of Michigan at the two resonant frequencies. Fig. 3 (a) and (b) show the E-and H-plane co-and cross-polarized patterns of this antenna at 3.077 and 3.790 GHz, respectively. It is observed that the patterns at both resonant frequencies are similar, confirming the fact that electric field distributions along the slot are similar at both frequencies. As can be observed from this figure, the E-plane pattern of the antenna is not the dual of those of an electric dipole. From duality theorem, it is expected that the E-plane patterns are similar to the H-plane pattern of an electric dipole, which is a circle. However, in Fig. 3 the E-plane patterns have two minima at . This is caused by two different mechanisms. The first mechanism is the cancellation that occurs at grazing angle as a result of the phase difference between E-fields on the top and bottom of the ground plane. The second reason for having these minima is that the slot antenna is covered with a dielectric substrate at one side. This forces the normal component of the electric field at grazing angle to go to zero as described in [7] . It is also observed that the normalized cross polarization level at broadside is less than and small for other observation angles as well. The gains of the antennas were measured in the anechoic chamber using a standard double ridged horn antenna at the two different resonant frequencies and are reported in Table I . The antenna gains at both frequencies are very similar which again assures the similarity of the radiation mechanisms and the field distributions at both frequency bands.
B. Parametric Study
Now that the broad-band behavior of the microstrip-fed slot antenna is shown, the effect of the three parameters that affect its double-resonant behavior must also be examined. These parameters are the impedance of that section of microstrip line that feeds the slot antenna, the aspect ratio of the antenna , and the distance between the edge of the slot antenna and the center of the microstrip feed . Using full-wave simulations in IE3D, a number of slot antennas with different , , and feed impedance values are designed and matched to 50 by changing the length of the open circuited microstrip line ( in Fig. 1 ). Then their impedance bandwidths are calculated and reported in Fig. 4 . The antennas have aspect ratios ranging from 0.0003 to 0.25. In this paper, the antennas that have aspect ratios in the range of are referred to as "moderately-wide" and those with and are referred to as "narrow" and "wide" slot antennas, respectively. Fig. 4(a) shows the fractional bandwidth versus aspect ratios of the antennas when they are fed with 50 microstrip lines. From this figure, it can be observed that for a fixed , as increases the antenna bandwidth increases as well. However, the increase in bandwidth for is not significant. This saturation behavior is explained by defining a quality factor for the antenna and relating it to the Fourier transform of the electric field over the aperture. It can be shown that for a single-resonant slot antenna bandwidth increases as increases and a similar saturation behavior is observed [9] . This can then be extended to each of the resonances of this double-resonant antenna. The doubleresonant behavior for the 50 line impedance is only observed for . For , the antenna is hard to match for small values and hence, its impedance bandwidth goes to zero faster than other cases. It is also observed that for a fixed , antenna bandwidth increases as increases. This increase continues until . Beyond this value increasing increases the second resonant frequency such that a wide-band match cannot be obtained and the antenna enters into the dual-band mode of operation. Fig. 4(b) shows a similar study in the same range for antennas fed with 80 microstrip lines. In this case, the doubleresonant behavior is observed for and the antenna bandwidth has a similar characteristics as the previous case. Similar to the previous case, the antenna goes to dual-band mode for . Fig. 4(c) shows a similar figure for a 110 feed line. In this case, the antenna does not go to dual-band mode until . This occurs because the separation between the two resonant frequencies is smaller for the same value and matching the antenna, by only changing was found to be easier. Comparing Fig. 4(a)-(c) shows that for the same and values, the bandwidth of the antenna slightly decreases as the feed impedance increases. This can be attributed to the presence of the discontinuity in the transition region from the main 50 line to 80 or 110 feed lines. However, under the same condition, matching is easier and lower values can be obtained for higher feed impedances.
III. DUAL-BAND MICROSTRIP-FED SLOT ANTENNA
A. Antenna Design
In this section, we will show that the moderately-wide slot antenna presented in the previous section can also be designed to demonstrate a dual-band behavior. Referring to Fig. 1(b) , if the distance is increased, the equivalent length of the second resonance decreases. Therefore the second resonant frequency increases while the frequency of the first resonance is not expected to change considerably, as this resonance is set by the overall length of the antenna. This way the antenna becomes a dual-band one in which the separation between the two resonant frequencies is a function of the resonant length of the second resonant frequency or, equivalently, the distance of the feed from the antenna edge, . Fig. 5 shows the full-wave simulation results of an antenna with and on a substrate with dielectric constant of 3.4, for different values of . It is seen that by increasing from 2 to 8.5 mm, varies between 3.3 and 3.7 GHz and increases from 4 to 5.2 GHz. This corresponds to an variation from 1.1 to 1.6 while retaining an lower than . Based on the simulation results of Fig. 5 , a dual-band antenna with and was designed and fabricated on a 500 thick, RO4350B substrate with a ground plane size of 15 cm 12 cm. The simulated and measured of this antenna are plotted in Fig. 6 , where excellent agreement between them is observed. The antenna shows a of 1.47 with relative bandwidths of 10.6% and 12.1% at the lower and upper bands, respectively. As described in Section II the magnetic current distributions at both frequencies are similar, and therefore, the resulting radiation patterns are expected to be similar as well. The co-and cross-polarized E-and H-plane radiation patterns of the antenna at both bands were measured, and the results are presented in Fig. 7(a) and (b) . It is shown that the radiation patterns at both bands are similar and the levels of cross polarized radiation are negligible. The antenna gains are measured using a standard horn antenna and are reported in Table II .
B. Parametric Study
A similar parametric study as the one presented in Section II was performed for the antenna in the dual-band mode. In this study, the bandwidth and frequency ratio of the antenna in the dual-band mode is studied as functions of the aspect ratio, feed inpedance, and feed location. A number of different moderately-wide dual-band slot antennas with different , , and feed impedance values are designed and simulated in IE3D. Simultaneous matching at both bands to 50 is obtained by changing the length of open circuited microstrip line ( in Fig. 1 ). Fig. 8 shows the fractional bandwidth of the lower and upper bands ( and ) as funnctions of and for different values of feed impedances. For narrow microstrip feeds (high impedance lines) achieving simultaneous match at both bands was found to be easier than wider lines and lower values were obtained. As a result, the dual-band operation, for a fixed , occurs at lower aspect ratios for narrower feeds. For example, for the 110 feed, the dual-band operation starts at , which increases to and for 80 and 50 lines, respectively. However, one drawback of higher impedance feeds to lower ones is the slightly lower fractional bandwidths that are obtained as explained in Section II. The effects of , feed impedance, and on the frequency ratio of the two bands of the dual-band antenna are also studied in Fig. 9 . It is seen that increasing has the largest effect on and the aspect ratio of the antenna also affects it slightly, as shown in Fig. 9 .
IV. AN OCTAVE BANDWIDTH DOUBLE-ELEMENT SLOT ANTENNA DESIGN
In this section the design and measurement results of a very wide-band, double-element slot antenna is presented. As demonstrated in Section II, a single-element, moderately-wide slot antenna can be designed to have a wide-band response. Therefore, it is expected that a properly designed antenna that is composed of two or more such radiators can show very wide-band characteristics. There are a number of different multi-element feeding topologies, in which such an element can be used. These include feeding the two elements in series, parallel, or through parasitic coupling. The wide-band behavior is only observed when the antenna is fed directly with a microstrip line; therefore, parasitic coupling does not provide the best results. Feeding both elements using a single microstrip line in series is possible and is a good choice for end fire arrays such as printed log-periodic arrays. However, using a parallel feed configuration, such as the one shown in Fig. 10(a) , provides more flexibility in the design of the broad-band feed network and allows for designing antennas with a broadside radiation pattern. In this arrangement, a broad-band antenna with good impedance matching and consistent radiation patterns over the band of operation can easily be obtained.
The objective is to design an antenna that covers at least an octave bandwidth. For this design, the upper and lower frequencies are chosen such that they cover both of the bands designated for Wireless LAN operation. The schematic of the proposed antenna is shown in Fig. 10(a) where two slots with different lengths are used in a parallel feed arrangement. The larger antenna covers the lower and the smaller antenna covers the higher frequency bands. The lengths and are determined from the lowest resonant frequency of each element. and are chosen to be equal and wide enough such that the aspect ratio of both elements are in the range of . From Fig. 4(c) , it is seen that in this range, the antennas have their maximum bandwidth. Choosing results in . Although it is not necessary, is chosen to be equal to 7 mm as well. This results in , which is in the desired range. Then the larger slot antenna is simulated and is optimized such that the antenna covers a bandwidth of 2.3 to 3.6 GHz and similarly, is optimized such that the second antenna covers a bandwidth of 3.7 to 5.5 GHz. The feed network dimensions , , , , , , and [see Fig. 10(a) ], must be optimized to achieve the desired response in the band of operation. This is accomplished by performing a full-wave simulation on the four-port structure shown in Fig. 10(b) and obtaining the S-parameters of this network. Then, the calculated S-parameter matrix is used in ADS and a circuit simulation is performed on the circuit shown in Fig. 10(c) . In this simulation, the software replaces all of the microstrip lines, the Tee-junction, and the microstrip taper by their equivalent circuit models. The values , , , , , , and are defined as optimization variables in this circuit simulation. The optimization goal is to have over the frequency range of 2.4 to 5.5 GHz. Two constraints are set on the variables; first the width of microstrip lines must be larger than 0.15 mm. The reason for this is that the fabrication of very narrow microstrip lines is difficult in our facilities. The second constraint is that the difference between and [see Fig. 10 (a)] must be smaller than 6 mm. Since the electrical length of a 6 mm microstrip line at 5.5 GHz (which is the highest desired frequency) on the RO4350B substrate is about 60 , the two antennas will not be excited with a phase difference larger than 60 at any frequency in the desired band of operation. Even though each antenna covers a certain portion of the band, there is an overlap frequency band in which both of the antennas can operate. Therefore, the second constraint is necessary for having consistent radiation patterns over the entire frequency band. The circuit was then optimized using the embedded optimization engine in ADS [10] and the optimum values of the parameters were obtained. Since the circuit simulation and optimization process ignores mutual coupling effects between the microstrip lines, a full-wave simulation was performed on the entire structure and the optimization parameters were fine tuned in the full-wave simulation. For the aforementioned frequency band, the final physical parameters of the antenna are listed in Table III . The final design was fabricated on a RO4350B substrate with a ground plane size of 15 cm 12 cm. The of the antenna was measured using a calibrated HP-8753D vector network analyzer and is presented in Fig. 11 along with the full-wave simulation result obtained from IE3D. The discrepancies between the two results can mostly be attributed to the finite size of the ground plane, inaccuracies in the fabrication process, uncertainties in the exact permittivity of the substrate ( error specified by the manufacturer), and numerical errors in the simulation results. Nevertheless, the measured shows a impedance bandwidth from 2.3 to 6 GHz. However, in order to determine the useful bandwidth of the antenna, other parameters such as radiation patterns, gain, polarization, and cross polarization levels must also be carefully examined over the entire bandwidth.
In order to study the effect of ground plane size on the radiation patterns of the wide-band antenna, another antenna with the same dimensions was also fabricated on a substrate with a larger ground plane (23 cm 30 cm). The radiation patterns of both antennas were measured in the anechoic chamber at nine different frequencies ranging from 2.5 to 6 GHz, but for brevity, only the radiation patterns at 3, 4, 5, and 5.8 GHz are reported. Figs. 12 and 13 show the H-and E-plane radiation patterns for both co-and cross-polarizations at different frequencies. In these figures SGP and LGP denote "small ground plane" and "large ground plane," respectively. The experimental results show that the size of the ground plane alters the radiation pattern, especially in the H-plane cut due to the out of phase radiation from the edges of the substrate.
The measured gain and directivity of the antenna at boresight are shown in Fig. 14 . Also the directivity at the direction of maximum radiation is shown in this figure. The antenna gain and directivity at boresight are very close to each other, indicating a high radiation efficiency. This figure also shows that above 5.5 GHz the direction of maximum radiation shifts away from the boresight direction. There are two reasons for this: First, at 5.5 GHz the larger antenna has an electrical length that is about . Since it is off-centered fed, its electric field distribution is Fig. 12 . H-plane co-and cross-polarized radiation patterns of the doubleelement broad-band antenna of Section IV. "-": H-plane co-pol SGP, "-.": H-plane co-pol LGP, "--": H-plane X-pol SGP, and "…": H-plane X-pol LGP. Fig. 13 . E-plane co-and cross-polarized radiation patterns of the doubleelement broad-band antenna of Section IV. "-" solid line: E-plane co-pol SGP, "-." Dash-dotted line: E-plane co-pol LGP, "--" dash-dashed line: E-plane X-pol SGP, and "…" dotted line: E-plane X-pol LGP.
anti-symmetric with respect to the center of the antenna. Therefore, there is a null in the radiation pattern of this element at boresight and the maximum radiation occurs at . Since this element is resonant at around , it can radiate rather efficiently and distort the overall radiation pattern. The second reason is that, as frequency increases, the two antennas are excited with a larger phase difference, which also shifts the direction of maximum radiation. However, this happens outside of the desired band of operation. Based on the measured , consistency of the radiation patterns, and polarization purity over the entire frequency band, it can be concluded that the antenna has a bandwidth from 2.3 to 5.8 GHz or equivalently a 2.5:1 bandwidth ratio.
V. CONCLUSION
A novel slot antenna element is proposed that allows for easy design of wide-band or dual-band antennas. The single element shows bandwidths up to 37% when used in the wide-band mode, and when operated in a dual-band mode, the structure has the ability to cover a 1.6:1 frequency ratio easily. Furthermore it is shown that this broad-band antenna element is an excellent choice for constructing multi-element antennas with a much larger bandwidth. To demonstrate this, a two-element antenna configuration was considered and a wide-band broadside radiating antenna with a bandwidth ratio of 2.5:1 was designed. This allows the designer to obtain very wide-band antennas by using a smaller number of antenna elements than was previously possible. An important and unique feature of this design is that the polarization purity of the antenna and high efficiency are unchanged over the entire frequency band.
